Infection of susceptible strains of Escherichia coli by bacteriophage T4 particles which lack DNA (phage ghosts) causes severe metabolic disruptions of the host cell (8, 14, 17) which lead to the death of most, but not all, infected cells (12, 13) . When cells are first challenged with ghosts and then superinfected with intact phage, few infective centers are formed (14, 17) . If, however, infection by intact phage precedes that of the ghosts by as little as 1 min, an appreciable number of inf'ective centers develop (9, 28) .
This ability of phage T4 to make its host "immune" to the normally disruptive effects of ghosts requires the expression of the immunity (imm) gene carried by the phage (26) . This same gene, which is non-essential for phage production, also directs the genetic exclusion of superinfecting phage genomes (6, 19, 26) . In promoting development of immunity to ghosts and genetic exclusion, the imm gene product is thought to act upon the host cell membrane in a stoichiometric fashion (27) , since the degree of immunity and genetic exclusion developed was found to be proportional to the amount of' the imm product formed, but not the time this product was allowed to act.
In their initial report of the immunity gene of phage T4, Vallee and Cornett (26) noted that, if sufficient time were allowed after infection by the T4 imm-mutant, the level of immunity to superinfecting ghosts could reach 60% of that developed in imm+-infected cells which attain complete immunity very quickly after infection under the same conditions (see Fig. 1 of' reference 26). In the standard assay (ghost challenge at 10 min after phage infection at 30 C), the background level achieved by the imm-mutant is about 10% of the imm+ level; at this time the imm +-infected cells have developed greater than 90% of their final level of immunity. This report describes experiments which indicate that the background level of' immunity in imm--infected cells results from the action of the spackle gene of' phage T4 which was first isolated and characterized by Emrich (10) .
MATERIALS AND METHODS 'Present address: Department of Microbiology and Immu-
Bacteria. E. coli B/5 (Su-), S/6 (Su), K112)h8 nologv, Temple University School of Medicine, Philadelphia, (Su-, CR63 (Su+UAG), and CR63Xh8 (Su+UAG) T4 IMMUNITY AND THE SPACKLE FUNCTION obtained from the California Institute of Technology, Pasadena, Calif. E. coli B (Su-) was obtained from the Pasteur Institute, France. Plating indicator strains were grown in H broth (25) . Experimental hosts were generally grown to a cell density of 4 x 108 cells/ml in H broth or M9G medium (M9 salts and 0.4% glucose) as indicated in the legends to the figures and tables. M9 salts contained (per liter of water): Na2HPO4, 5.8 g; KH,P04, 3 .0 g; NaCl, 0.5 g; NH4Cl,
1.0 g; MgSO4 .7H2O, 0.25 g; and FeCls .6H,0, 2.7 mg.
Bacteriophage. The wild-type and mutant strains of T4 used in this report are from the collection of H. Bernstein. All phage are T4D, with the exception of the T4B rHI mutants, rED19 and rA105. The spackle (s) mutant of T4D was generously provided by J. Emrich Owen. The number in parentheses after the phage strain number refers to the gene bearing the mutation.
Preparation of phage stocks. High-titer stocks of phage were routinely prepared from plate lysates plated from single plaque phage suspensions and harvested by alternate low-and high-speed centrifugation as previously described (26) . The phage stocks were stored at 1011 PFU/ml in M9 salts plus gelatin (100 jig/ml). [PHjthymidine-containing phage were prepared by infecting E. coli B in M9G medium plus Casamino Acids (0.2%) at 4 x 108 cells/ml with wild-type T4D (multiplicity of infection [MOI] = 5). Five minutes after infection the medium was supplemented with deoxyadenosine (to 300 ug/ml) and [3HJthymidine (to 100 MCi/ml, 73.5 $Ci/,ug]. After 90 min of incubation, gelatin was added to 100 ;g/ml and phage production was terminated by adding chloroform to the infected culture. The [3H]thymidine-containing phage were harvested by alternate low (x3)-and high (x2)-speed centrifugations and resuspended in M9 salts containing gelatin (100 ;g/ml). Since the [3H]thymidine leads to inactivation of plaque-forming ability (4), the phage were titered as described for ghosts. The final preparation contained 1.6 x 1011 killing particles/ml (9 x 10-5 counts per min per particle) and contained less than 2% trichloroacetic acid-soluble radioactivity.
[3H ]leucine-containing phage were prepared on M9G-grown E. coli B in a manner similar to that described above. Eight minutes after infection, the culture was supplemented with ['H lleucine to 100 uCi/ml and unlabeled leucine to 10-M. The resulting phage preparation contained 1.5 x 1011 PFU/ml with 6 x 10-5 counts per min per PFU.
Bacteriophage ghosts. Ghosts of bacteriophage T4D amE51(56) were prepared by osmotic shocking by the procedure of Duckworth (8) . The titer of the ghost preparation, which contained less than 0.001% plaque-forming contaminants, was calculated from the proportion of surviving broth-grown bacteria employing the zero term of the Poisson distribution. The term MOK (multiplicity of killing) is used for ghosts rather than MOI (multiplicity of infection) which is used for phage.
Phage crosses. A logarithmically growing culture of E. coli BB (Su+UAG) was concentrated by centrifugation to 4 x 108 cells/ml and simultaneously infected with both parental phage (MOI of each = 5) 7 ,000 x g, 4 C). Acid-soluble material was measured by adding 0.5 ml of sample to 0.5 ml of ice-cold 10% trichloroacetic acid. After 30 min in an ice-water bath, the precipitate was pelleted, and 0.5 ml of the supernatant was removed for liquid scintillation counting.
The radioactivity of the variously treated samples was measured by counting 0.5 ml of sample in 5 ml of scintillation fluid [ (28) . In addition, the isolation procedure of Childs (6) (5, 15) . The response of rII mutant-infected cells to divalent and monovalent cations in the infection medium (16, 24) and the reported detection of the rII proteins associated with the membrane of phageinfected cells (11, 21, 29) have been the principal observations suggesting a membrane function for the product of the rII genes. Since the rII region is transcribed early in infection (23) , it seemed possible that it might influence immunity to superinfecting ghosts when coupled with the imm2 mutation, even though rII-mutants alone have no effect on immunity development (28) .
The imm2 and rnI-mutations were combined by crossing rED19 x am(42)-imm2 and rA105 x am(43)-imm2, from which progeny were selected to contain the rII1 and amber markers. It was expected that most of these recombinants will also carry the unselected imm2 mutation.
These rII-imm-phage were assayed for their immunity character in a host permissive for rII mutants (Table 2 ). These results show that the presence of the rII-mutation does not reduce the background level of immunity seen with the imm2 mutation alone. Also, the fact that the immunity development in the complete absence of the rII products (the rA105 mutation deletes both the A and B cistrons) appears no different from the missense mutant (rED19) implies that the rII proteins are probably not interacting with the imm protein.
Phage-induced immunity and the spackle (s) gene. The spackle (s) mutant of T4 originated spontaneously from a lysozyme-deficient strain of T4 and was detected by its ability to lyse the infected cell even in the absence of the phage lysozyme (10) . This phenotype implicated the s-phage as defective in a function which normally strengthens or maintains the integrity of the cell envelope after infection. This view appeared justified from the unique inability of s--infected cells to develop resistance to lysis from without (LFW) (10). The s gene, then, most likely specifies a protein which Fig 1A; The s-mutant was tested for its ability to confer immunity to superinfecting ghosts. Table  2 shows that the spackle mutant does not develop full immunity (approximately 60%) to superinf'ecting ghosts under standard conditions where the normal levels for wild type (approximately 90%) and imm-(approximately 10%) are seen. The partial defect in immunity to superinfecting ghosts seen in s-infections indicated that the s gene may be responsible for the background immunity. Accordingly, the double mutant s--imm-was constructed to determine the immunity levels to superinfecting ghosts developed in cells infected with phage lacking both gene functions. Since both the spackle and immunity functions are non-essential, construction of s---imm-recombinants had to be performed without the advantage of selective plating conditions.
The s-parent which forms "rII-like" plaques (sharp borders) on E. coli B at 37 C (10) was crossed to an imm-mutant carrying an amber (am) lesion near the imm2 mutation in host E. coli BB (Su+UAG) (see Fig. 1A ). The progeny of this cross were replica plated on E. coli S/6 (Su-) and E. coli BB (Su+UA G), and plaques showing clear borders on BB (spackle-negative phenotype) and which failed to grow on S/6 (amber-negative phenotype) were selected as putative s--am--imm-phage. From seven such isolates, two were retained for further testing. That the s-mutation was present in these putative s--am-imm-phage was suggested by their inability to become lysis inhibited by homologous superinfection (Fig. 2) . The presence of the imm2 allele was suggested by the essentially complete lack of immunity to superinf'ecting ghosts (Table 2) . To insure that these s--am--imm-phage did contain the s-and imm-alleles, each isolate was also backcrossed (see Fig. iB ) to recover the respective single mutants which were identified by their characteristic levels of immunity development ( Table  2 ). The results of these assays ( Fig. 2 ; Table 2) demonstrate that both isolates did contain the s-and imm-alleles.
The levels of immunity developed by the s--am--imm-phage were much lower than that of the singly mutated imm-(s+) phage (Table  2) , which indicated that the background level of immunity seen in imm2-infected cells was due to the presence of the s gene product. This interpretation was confirmed by the experiment illustrated in Fig. 3 (10) , and the map position of imm was taken from Cornett and Vallee (7) . A, The s--am(42)-imm2 recombinants (-----) were selected by their ability to form large sharp-edged plaques when grown on E. coli BB (Su+UAG) at 40 C (spackle phenotype) and by their inability to grow on E. coli S/6 (Su-) [amber (42) phenotype]. B, The s-recombinants ( ) were selected as large sharp-edged plaques when grown on E. coli S/6 (Su-) at 40 C. The ts(40)-am(42)-imm2 recombinants (-----) were selected as plaques which grew on E. coli BB (Su+UAG) at 25 C but which failed to grow at 42 C or on E. coli S/6 (Su-) at either temperature. All recombinant phage stocks were grown from single plaque isolates.
there is no background level of immunity developed in the double mutant imm--s-inf'ection. This particular experiment was performed at 37 C, rather than the standard temperature of 30 C, to be comparable to the original experiment showing the background levels of immunity (see Fig. 1 'Portions of both primary and superinfected samples were diluted 20-fold into M9G medium containing T4 antiserum (K -4) 13 min after the primary infection and incubated for 4.5 min (30 C) before subsequent dilution into ice-cold M9G medium and plating for infective centers. reduced level that of imm-, the imm2 phage was then tested for properties characteristic of the spackle mutant: (i) the failure to exhibit lysis inhibition, and (ii) the failure to protect the infected cell from LFW resulting from high MOI of superinfecting phage. Lysis inhibition. Cells infected with sphage phenotypically resemble rII-infections in that these cells are not lysis inhibited by superinfecting homologous phage (10) . The rIIand s-mutant types are distinguishable, however, by the inability of rII-mutants to produce progeny in host cells carrying the prophage lambda, which does not restrict growth of s-or imm-phage. As shown in Fig. 2 , the immmutant, in contrast to the s-strain, is lysis inhibited by superinfection. This property provides the one clear distinction between these two mutant types.
Resistance to lysis from without. A second phenotype of the s-mutant which is unique to this strain is its inability to develop resistance to LFW (10) . The ability of cells infected with s-or imm-mutants to resist LFW by superinfecting wild-type phage was determined in superinfected cultures by measuring the turbidity to assay the degree of lysis. The results (Fig. 4) show that, with respect to LFW, the imm--infected cells are intermediate between wild type and s-. The turbidity measurements used here merely reflect the integrity of the superinfected cells but do not measure their viability (ability to form infective centers). In addition to cell integrity, the following experiments also measured the viability of the infected cells before and after superinfection with high MOI of phage by: (i) plating for infective centers; and (ii) determining the amount of protein synthesis by incorporation of [3H lleucine in a 5-min pulse (Table 5 ). The proportion of viable superinfected cells in general reflects the proportion of physically intact cells for wild-type and sinfections but was greatly reduced for the imminfections. The turbidity and viability measurements seen with imm-superinfected cells indicate that superinfecting phage did not cause extensive LFW in these cells but appeared to "traumatize" the imm--infected cells, thereby reducing their ability to form infective centers and to continue protein synthesis. The cause of the observed traumatization is not known and has not been studied further.
Injection of superinfecting phage DNA. It has been shown previously (1, 18) (27) have previously presented the view that the imm gene product stoichiometrically neutralizes the sites of potential ghost action on the cell membrane. This view assumes that: (i) phage T4 irreversibly adsorb to those areas of the cell wall which are contiguous with the cell membrane as observed in photomicrographs of plasmolyzed, T4 phageinfected E. coli (2); (ii) these cell wall-membrane adhesions serve as the sites of action of the imm protein in neutralizing the disruptive effects of ghosts and in initiating genetic exclusion of superinfecting phage DNA. This report is concerned with what role the spackle gene might play in these hypothesized events. The relevant phenotypes of mutants as determined in this report are summarized in Table 7 . The rII-mutant type is also included in Table 7 for comparison, since the rII products are also thought to interact with the host cell membrane. For simplicity, in the following discussion it is assumed that both imm and s gene products act at the same site. VOL. 13, 1974 Previous work (10) with T4 spackle indicates that the spackle gene specifies a product which, when mutated, leaves the s--infected cell unable to resist LFW and not subject to lysis inhibition by superinfecting phage. In addition, this mutation allows the infected cell to lyse in the absence of' e gene product (phage lysozyme). These observations led Emrich (10) to postulate that the spackle mutant fails to effect a normal strengthening of the cell wall after phage infection.
The imm function affects two properties of phage-infected cells: immunity to superinfecting ghosts and genetic exclusion of superinfecting phage. The spackle mutant also shows deficiencies in these same two properties. In contrast to imm-, the immunity defect in s--infected cells becomes significant only at higher MOK of superinfecting ghosts (Table 3 ). This could be taken to indicate that s--infected cells exhibit reduced immunity (reduced protein synthesis after the ghost challenge) due to LFW occurring in a proportionate number of cells. This explanation for the spackle phenotype does not, however, account for spackle's partial deficiency in genetic exclusion (Table 4) , since this assay requires the superinfected cell to remain intact. Since the s-defect with regard to genetic exclusion does not reflect lysis of the superinfected cells, most probably the closely related property of immunity is not significantly affected either by LFW.
The possibility that the spackle mutant phenotype might result from the failure of superinfecting phage or ghosts to undergo tail sheath contraction was mentioned in the Results. It was thought that perhaps spackle acted stoichiometrically at the adsorption sites to control the extent of injection. This would leave the imm function to control the fate of the injected DNA or the killing effect of the contracted ghosts. The results presented in Table 6 proved contrary to this model for spackle action. Instead of observing an increase in injection of superinfecting phage DNA, it was in fact reduced in the s--infected cells compared to wild-type infections. Injection of phage DNA most probably requires the proper interaction between phage and the cell wall (3) . The low efficiency of injection by superinfecting phage into the s--infected cells indicates that spackle function most likely affects the host cell wall. These results are in accord with the conclusion previously reached by Emrich (10) . However, other data in this report indicate that the spackle function may also affect the cell membrane.
The observation that 60% of the superinfecting phage DNA which is injected into an s--infected cell passes through the membrane to escape genetic exclusion, compared to 8% in an s+-infected cell ( Table 4 ), suggests that the wild-type spackle function also alters the cellular membrane. This effect on the membrane may be a consequence of the action of the spackle gene product on the cell wall. Such a condition could be realized if the spackle gene product, like the product of the imm gene, acts on the cell wall-membrane adhesion points where superinfecting phage and ghosts adsorb to the cell. The spackle product may be needed to fully neutralize these sites against the potential action of superinfecting ghosts or phage.
